We examine correlated electron and doubly charged ion momentum spectra from strong field double ionization of Neon employing intense elliptically polarized laser pulses. An ellipticity-dependent asymmetry of correlated electron and ion momentum distributions has been observed. Using a 3D semiclassical model, we demonstrate that our observations reflect the sub-cycle dynamics of the recollision process. Our work reveals a general physical picture for recollision-impact double ionization with elliptical polarization, and demonstrates the possibility of ultrafast control of the recollision dynamics.
The recollision scenario, which is the keystone of strong field physics, describes the process that an electron firstly tunnels out of a Coulomb potential, which is distorted by a strong laser field, and then is accelerated and driven back by the laser field to recollide with its parent ion [1] . This process is responsible for many characteristic strong field phenomena such as high-order harmonic generation (HHG), high-order above-threshold ionization (HATI) and nonsequential double ionization (NSDI). Among them, NSDI is of particular interest and has continued to receive intense experimental and theoretical attention (for reviews, see [2, 3] ) because it is regarded as one dramatic manifestation of electron-electron correlation in nature. The recollision phenomenon has been discovered by observing a strong enhancement in the double ionization yield occurring for certain laser intensity ranges [4] . This enhancement -a characteristic "knee"-structure, which contradicted the sequential tunneling model -has been observed in all rare gas atoms [5] [6] [7] and some molecules [8] [9] [10] [11] [12] . The probability for recollision is maximal for linear polarized light and decreases strongly with ellipticity. Consequently the ratio of double to single ionization is known to drop with ellipticity [13] .
In this paper we study double ionization as function of the ellipticity of the driving field and show that this allows to answer in more detail at which time the recollision-induced ionization occurs. This information is hidden to experiments with linearly polarized light. In addition, the conceptual simple elliptical light form allows manipulating the recollision in a simple and transparent way. More complex tailored laser fields have already been used to control recollision successfully (see, e.g., [14] [15] [16] [17] ).
To gain the maximum information on the dynamics of double ionization with elliptical light we have performed fully differential measurements. A sketch of our experimental strategy is shown in Fig. 1(a) . Considering double ionization by an elliptically polarized electric field E(t) = (0, − E0 √ 1+ǫ 2 ǫ sin ωt, E0 √ 1+ǫ 2 cos ωt) with the amplitude E 0 , laser frequency ω, and a small ellipticity ǫ, the first electron tunnels out along the major axis (i.e., the z-axis) slightly after t = 0 so that it can recollide with the parent ionic core. A classical analysis [18] has demonstrated that recollision occurs around nT + 3T /4 (n = 0, 1, 2... and T denotes the optical cycle) or mT + T /4 (m = 1, 2, 3... ). For simplicity, we only show recollision time t r within 1.5T in Fig. 1(a) . Upon 14 W/cm 2 . The electric field (solid curves) and vector potential (dashed curves) along the major axis (the z-axis) and the minor axis (the y-axis) are plotted as a function of time. The ellipticity is 0.25 here. Note the different scales of the electric fields and vector potentials. The boxes A, C and B, D show that the recollision occurs at tr before and after the Ez field zero-crossing (vertical dotted lines), respectively. (b) Calculated probability distribution of the post-recollision momentum of each electron |pi1| and |pi2|. The dotted vertical line denotes the value of peak vector potential (∼2 a.u., corresponding roughly to the vector potential |A(tr)| at the recollision time tr) for the peak intensity of 5 × 10 14 W/cm 2 . Other laser parameters are the same as panel (a) . See text for details.
recollision, the second electron may be ionized directly (recollision impact ionization) or be promoted to an excited bound state and then be freed by the laser field (recollision excitation with subsequent ionization) at a later time [19] . We choose Neon as a target, since for Neon double ionization proceeds mainly via recollision impact ionization [20] and the more complicated case of recollision excitation plays a minor role. For recollision impact double ionization, as illustrated in Fig. 1(a) , double ionization occurs shortly after the electron-electron collision so each electron's drift velocity, which is due to the acceleration by the field, is determined mostly by the vector potential at the recollision time. In addition the two electrons carry the post-recollision momenta p i1 and p i2 which arise from the dynamic energy sharing mediated by the electron-electron interaction during the recollision [19] . The final momenta of the correlated electrons are thus p 1 ≈ p i1 −A(t r ) and p 2 ≈ p i2 −A(t r ) (atomic units are used throughout this paper). Here p i1 and p i2 satisfy the condition E exc = (p i1 2 +p i2 2 )/2 where E exc is the energy difference between the recolliding electron and the ionization potential of the singly charged ion. Because the recollision time is around the E z field zero-crossing, the value of A(t r ) is close to the peak vector potential. For the laser peak intensity of 5 × 10 14 W/cm 2 , |p i1 | and |p i2 | are much smaller than |A(t r )|, which is verified by our semiclassical calculation shown in Fig. 1(b) . This establishes a connection between the final electrons' momenta and the recollision time allowing one to experimentally access the sub-cycle dynamics of the recollision process. If the recollision occurs around the E z zerocrossing nT + 3T /4 or mT + T /4 [cases A+B or C+D in Fig. 1(a) ], both the z-components of the final momenta of the two electrons will have negative or positive values, i.e., p 1z < 0, p 2z < 0 or p 1z > 0, p 2z > 0, respectively. While both the y-components of the final momenta of the two electrons will shift to negative and positive (or positive and negative) values, if the recollision occurs before and after the E z zero-crossing nT + 3T /4 (or mT + T /4), corresponding to cases A and B (or C and D) in Fig. 1(a) , respectively. By momentum conservation ion momentum mirrors the sum momentum of the both electrons and is therefore a powerful observable to unveil the details of the recollision (see, e.g., [21, 22] ).
To realize the strategy described above, one has to account for the influence of parent ion's Coulomb potential on the correlated electron emission. This is fully incorporated in a versatile 3D semiclassical model [23, 24] , which we use in this work together with experimental data for various ellipticities, to demonstrate that the temporal properties of recollision is indeed closely related to the correlated electron momentum distributions also when the Coulomb potential comes into play.
In our experiment, a commercial Ti:Sapphire femtosecond laser system (100 kHz, 100 µJ, 45 fs, Wyvern-500, KMLabs) was employed to generate intense laser pulses at a central wavelength of 788 nm. We used a quarterwave plate to produce the elliptically polarized pulses. The laser beam was focused by a spherical concave mirror (f = 60 mm) onto a cold supersonic Ne gas jet. The laser peak intensity in the interaction region was determined by measuring the "donut"-shape momentum distribution of singly charged Ne + ions with circular polarization [25] . The uncertainty of the peak intensity is estimated to be ±20%.
A Cold Target Recoil Ion Momentum Spectroscopy (COLTRIMS) reaction microscope [26] has been used to measure the three-dimensional momentum distributions of the doubly charged Ne ion and one of the emitted electrons in coincidence. The details of this setup can be found elsewhere [27] . We used a half-wave plate to make sure that the major axis of the elliptically polarized light was oriented along the time-of-flight direction (i.e., along the symmetry axis of the spectrometer). To avoid dead-time problems of the particle detectors, the measurement was restricted to the momenta of one of the electrons emitted and the doubly charged ion. The momentum of the other electron was deduced via momentum conservation.
In Fig. 2 we display the measured momentum distributions of doubly charged Ne ions with elliptical polarization at a peak intensity of 5×10 tribution of the Ne 2+ ions in the z-direction can be seen, suggesting that the double ionization is dominated by recollision impact ionization under our experimental conditions (see [3] ). Cases A+B and C+D shown in Fig. 1(a) correspond to the Ne 2+ ions located in the 1st+2nd and 3rd+4th quadrants, respectively, as labeled in Fig. 2 
(d). Examining panels (a) to (d) reveals an increase of accumulation of Ne
2+ ions in the 2nd and 4th quadrants with increasing ellipticities. The asymmetry between the 1st and 2nd (or the 3rd and 4th quadrants) is due to different probabilities of the recollision occurring before and after the E z field zero-crossing nT + 3T /4 (or mT + T /4). In the following we will select electron pairs in the 3rd and 4th quadrants (C+D) to clarify this point.
In Figs. 3(a)∼3(d) we present the measured correlated electron momentum distributions along the y-axis with the condition that p 1z > 0, p 2z > 0 for various ellipticities, corresponding to the third and fourth quadrants of Fig. 2 (C+D) . From Fig. 3 we can see that with increasing ellipticity, more and more electron pairs become located in the third quadrant. The asymmetry of the electron pairs in the first and third quadrants is in accordance with the asymmetry of the Ne 2+ ions in the third and fourth quadrants of Fig. 2 .
To simulate our data, we have performed a 3D semiclassical model calculation. This semiclassical model has been successfully used to explain various strong-field double ionization phenomena, e.g., the important role of Coulomb potential [23, 24] , and its computational details can be found elsewhere [28] . The calculated results are shown in Figs. 3(e)∼3(h) . The observed ellipticitydependent asymmetry of the electron pairs in the first and third quadrants is well reproduced by the calculation. The discrepancy in the momentum values possibly arises from the fact that the actual peak intensity in the laser focus (±20% uncertainty of the peak intensity calibration) could be lower than the one used in the calculation.
To gain insight into the dynamics causing the asymmetry pattern in Fig. 3 , we have performed a back analysis approach in our simulations, which allows us to evaluate the probability distributions of the recollision time for specified electron trajectories [29] . Note that the Coulomb potential effects on the electron trajectories are intrinsically included in our simulation. Here we compare the trajectories that contribute to the electron pairs in the first quadrant and the third quadrant of Fig. 3 . For comparison purposes, we also present the results for the sum of these two types of trajectories. The calculated results are displayed in Fig. 4 . In the calculation, we employ the elliptically polarized electric field E(t) = (0, − E0 √ 1+ǫ 2 f (t)ǫ sin ωt, E0 √ 1+ǫ 2 f (t) cos ωt) where f (t) is the pulse envelop which is a constant equal to 1 for the first 10 cycles and exponentially reduced to 0 with 3-cycle ramp. Therefore, only electron recollisions occurring within (mT , mT + T /2) lead to electron pairs with p 1z > 0, p 2z > 0.
In the context of the semiclassical model, the contributions to recollision-induced double ionization can be conveniently separated into single-return-collision (SRC) and multiple-return-collision (MRC) trajectories, depending upon whether the recollision occurs when the tunnel-ionized electron returns to the ion for the first time or after passing the ion at least once [30] . For linear polarization ǫ = 0, the NSDI probability is expected to decrease rapidly with the travel time of the first electron due to the electronic wave packet's transverse spread. Thus the SRC trajectories should make the dominant contribution. However, the calculated result [black dashdotted curve in Fig. 4(a) ] shows that the second and third peaks become comparable to or even stronger than the first peak. This indicates a significant Coulomb focusing effect in driving these MRC trajectories back to the ionic core. For linear light there is by definition no difference between the first quadrant and the third quad- rant [ Fig. 3(a) ] thus the red and blue curves in Fig. 4(a) coincide. This changes already for small ellipticity ǫ = 0.1. Then, the transverse field component will steer the tunnel-ionized electron away from the ionic core in the y-direction. In order to return to the core, the electron needs to have a proper transverse velocity right after tunneling ionization, i.e., post-tunneling transverse velocity. This effect largely suppresses the interaction between the electron and the ionic Coulomb potential. Since the contribution of the MRC electrons to NSDI strongly depends on the Coulomb focusing effect, their probabilities will drop faster so that the SRC electrons dominate the contribution to the NSDI [black dash-dotted curves in Fig. 4(b) ]. With further increased ellipticity, however, the contribution of MRC electrons becomes dominant [black dash-dotted curves in Figs. 4(c) and 4(d) ]. This is because for higher ellipticities, the corresponding post-tunneling transverse velocities of the SRC electrons need to be significantly larger than that of the MRC electrons, leading to the suppressed contribution of the SRC trajectories [31] . This effect has been observed in experiments on HATI spectra [32, 33] . More importantly, the red solid and the blue dashed curves in Figs. 4(c)∼4(d) reveal that, with increasing ellipticity, the recollisions occurring after the E z zero-crossing become more and more important in contributing to the electron pairs in the third quadrant. Consequently, the observed asymmetry pattern in Fig. 3 indicates that the recollisions are more likely to occur after the E z zerocrossing for higher ellipticities. Therefore, the detailed analysis on recollision time distributions supports that we experimentally accessed the recollision process on a sub-femtosecond timescale and implies possibilities of ultrafast control by varying the ellipticity. The importance of the post-tunneling momentum for the recollision is further highlighted in Fig. 5 , which shows the calculated transverse momentum (along the y-axis) distributions of the electron right after tunneling ionization. Here we have analysed the same electron trajectories as used in Fig. 4 . We compare the trajectories with recollision occurring before and after the E z zero-crossing mT + T /4. The peaks with negative and positive post-tunneling p y correspond to the electrons tunneled from the first half and the second half of the laser cycle, respectively. The calculation shows that for small ellipticity ǫ = 0.1, the post-tunneling p y is very small. For higher ellipticities ǫ = 0.18 and 0.25, the post-tunneling p y has larger values, as discussed above. Furthermore, for the recollisions occurring after the E z zero-crossing for each ellipticity, the electrons need to have smaller posttunneling p y . According to the tunneling theory [34] , the probability of the tunnel-ionized electron ω(t 0 , υ ⊥ ) ∼ υ ⊥ exp[−2(2I p1 ) 3/2 /3 |E(t 0 )|] exp[−υ 2 ⊥ (2I p1 ) 1/2 / |E(t 0 )|] (I p1 denotes the first ionization potential of Ne) decreases exponentially with the increase of post-tunneling transverse velocity υ ⊥ [35] . The larger the ellipticity, the more suppressed is the contribution of the electron trajectories for the recollision before the E z zero-crossing (Fig. 5) . Thus more recollisions will occur after the E z zero-crossing with increasing ellipticity.
In summary, we experimentally studied the correlated electron and doubly charged ion momenta from strong field double ionization of Ne by elliptically polarized light. An ellipticity-dependent asymmetry of the correlated electron pair and ion momenta has been observed. With the help of a 3D semiclassical model, we find that the correlated electron momentum distributions along the minor axis of elliptical polarization provide access to the sub-cycle dynamics of recollision and distinguish recollisions before and after the field zero-crossing, which presents a novel approach to obtain information about recollision time [36] . Furthermore, our data demonstrates that the recollision can be steered by varying the ellipticity. This work reveals a general physical picture of double ionization by recollision with elliptical light, and provides insight into possibilities of ultrafast control of recollision.
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